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ALTITUDE PEFU?ORMANCE INVESTIGATION OF A HIGH-TEMPERATURE ApTEEiBuRNER 

By S .  C. Huntley, Carmon M. Auble,  and  James W. Useller 

SUMMARY 

An investigation was conducted  to  ascertain  the  operational  limits 
of a high-temperature  afterburner and to determine  its  performance  over 
a wide  range of flight  conditions.  Operational,  limits  were  obtained  at 
a flight  Bkch  number of 0.8 and  performance data were  obtained at alti- 
tudes  from 10,000 to 55,000 feet  and  flight  Mach  numbers  from 0.6 to 1.0. 

A combustion  temperature of 3900' R at a conibustion  efficiency of 
0.96 and a correspod-ng net  thrust  ratio of 2.03 w a s  obtained  for an 
altitude of 25,000 feet  and a flight  Mach  number  of 0.92. Peak combus- 
tion  temperatures  were  obtained  at  the  stoichiometric  fuel-air  ratio  or 
at  slightly  richer  mixtures. Meximum combustion  efficiency  was  reached 
at a fuel-air  ratio of about 0.055 and  remained  relatively  constant  with 
increasing  fuel-air  ratio.  The  importance of providing a good  fuel 
distribution  by  using a large  number of injection  points  rather  than 
relying on penetration w a s  demonstrated by the  high  burner  performance. 
At  the  high  exhaust-gas  temperatures  Obtained, an excessive amount of 
air vas required to cool the  afterburner  by  the  convective  shell-cooling 
method  used. As much  cooling  air as 34 percent  of  the  exhaust-gas  flow 
was required  to  maintain an average  afterburner  shell  temperature  of 
1300' F at a combustion  temperature of about 36Oo0 R. These  requirements 
stressed  the  need  for a more  effective  method of utilizing  the  cooling 
air  for  high-temperature  afterburners. 

The  need  of  military  aircraft for greater  acceleration  rates  and 
higher  flight  speeds is demanding a more  complete  -loitation of the 
thrust  potentialities of afterburnern. In most  previous  investigations 
of  afterburning  conducted  at  the XACA Lewis  laboratory,  the maximum 
thrust  potential  of an afterburner was compromised  to some extent  by 
afterburner  shell  cooling. Burning was concentrated  in  the centra 
portion  of  the  afterburner  and  the  unburned gases in  the  tail pipe 
surrounding  the  high-temperature  region  were  used as a means  of 
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minimizing the  secondary  air f low required  to  cool  the  afterburner  shell. 
The net  result was a mean  bulk  gas  temperature  somewhat below the  maxi- 
mum that  might  be  elrpected.for a homogeneous  stoichiometric  fuel-air 4 

mixture. 

In response to the  ever-increasing  need  for high thrust  augmentation, 
an investigation  wag  conducted  khat  had  as  its  primary  objective-  the 
attainment of maximum  exhaust-gas  temperature  and  thrust  (ref. 1). The 
afterburner  shell  was  eupplled  with  sufficient-cooling  from an external. 
source to permit  high-temperature  operation.  Performance  approaching 
theoretical  values  was  obtained: at-a nominal burner  inlet  pressure of 
2450 pounds per s q m e  foot  by  the use of adequate  flame-holder  blockage, 
long fuel-mixing length, and rehtively Low burner-inlee-velocity, and 
by  careful  matchin@;"of  the  fuel  injection  pattern  to  the  gas flow pattern 
to  obtain a uniform  fuel-air  ratio  distribution. 

Although  the  afterburners  of  reference 1 were  capable of operation 
at  exhaust-gas  temgeratures ne& theoretical,  operational  limits  were 
not  established and performance was obtained f o r  o n l y  a limited  range 
of  flight  conditions.  The  investigation  reported  herein was therefore 
conducted to ascertain  the  operational limits of the  most  promising 
high-temperature  dterburner  design of reference 1 and to determine  its 
performance  over a wide  range of flight conditions. 

An engine  with  the  aforementioned  afterburner was installed in an .I 

altitude  test chber at  the NACA Lewis  laboratory.  Operational  limits 
were  obtained for a flight  Mach  number of 0.8 and performance  charac- 
teristics  were.  determined f o r  a range of altitudes  from 10,OOO to 
55,000 feet and flight  Mach  numbers  from 0.6 to 1.0, which  correspond 
to  burner-inlet  pressures  from 510 to 3090 pounds  per  square  foot. 
Efforts  to  further  improve  the  performance of the  afterburner  led  to a 
brief  evaluation of the  effect  of fuel distribution  and  certain  measure- 
ments of the  fuel-air  ratio  distribution  within  the  burner.  The cooling 
requirements of the  afterburner  were a lso  briefly  evaluated. 

4 

Engine 

The  axial-flow  type  turbojet  engine  used in this investigation 
(fig. 1) develops 3000 POUR~S thrust  at  static, sea-level conditione 
while  operating  at a rated  engine  speed of 12j500 r p n  with an average 
turbine-outlet gas tempekture of 1625' R. The air  flow  at  this  condi- .I 

tion is about 58 pounds  per  second.  The  engine  components comisted of 
an 31-stage axial-flaw compressor, a compressor-outlet  mixer, a double- 
annulus  through-flow  type  combustor  that  merges  into a single  annulus, 
and a two-stage axial-flow turbine.  The  compressor-outlet  mixer  is  used 
to  obtain a velocity p r o f i l e  entering  the  combustor  that  provides a 
satisfactory  radial  temperature  distribution  at  the  turbine. 

. .  . .  . . .  
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The afterburner  configuration used in  this  investigation was similar 
to  the most promising configuration developed in  reference 1 and designated 
therein as the  series C afterburner Kith the number 4 flame holder and 
corresponding  optimized fuel pattern. The  components of the  afterburner 
consisted of a diffuser  section, a combustion chamber wfth variable-area 
exhaust nozzle, a fuel  distribution system, and a flame holder. Vortex 
generators were used on the inner cone at  the  diffuser  inlet  t o  minFmize 
flow separation. The general arrangement and detalled dimensions of the 
afterburner  shell and cooling shroud are shown in  the s e c t i o d  view of 
figure 2. Most of the  afterburner combustion-chamber shel l  was provided. 
with a uniform 1/2-inch annular gassage f o r  external a i r  cooling  while 
the exhaust  nozzle and nozzle transition  sections were water cooled. 
The required  coolants were supplied f r o m  an outside  source. 

The fuel  distribution system was installed in the diffuser'section 
approximately 18 inches upstream of the flame holder. A t o t a l  of 24 
spray  bars were equally spaced around the circumference of the after- 
burner, 1 2  long and 1 2  short  tubes in alternate positions as sketched 
in   f igure 3. The spray  bars were constructed of 1/4-inch  Inconel  tubing 
flattened t o  a thickness of about Ij8-inch. Holes of 0.020 inch  diameter 
were dril led  in  the  f lattened  sides of the  spray  bars, thus injecting 
fuel normal t o  the direction of gas flow. For a part of t h i s  investi- 
gation a t  high a l t i t ude  only  the 12 long spray  bars were used. The 1 2  
shor t  spray bars were not removed but  were separated from the fuel 
supply and blocked of f .  

The flame holder was of the three-ring V-gutter type with a blocked 
area of 35 percent.  Details of the flame holder  are shown i n  figure 4. 

Ignition of the  afterburner was accomplished by the hot-streak 
method wherein additional fuel m s  momentarily introduced a t  one location 
in   the engine combustor t o  provide a flame through the  turbine. 

Installation 

The engine and afterburner were ins ta l led   in  a 10-foot  diameter 
alt i tude t e s t  chamber. A buUhead in   t he  test chamber, installed a t  a 
section corresponding to the engine inlet ,  was used t o  separate the 
in le t  air flow from the exhaust gases and provide a m e a n s  of maintaining 
a pressure  differential  across  the engine. The exhaust gas from the jet 
nozzle w&8 discharged into an exhaust diffuser. The pressure  recovery 
i n  this diffuser was util ized t o  extend the maximum alt i tude limfts of 
the  facil i ty.  Combustion i n  the afterburner was observed  through a 
periscope  located in the exhaust  duct  behind the engine. 
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Pressures  and  temperatures  were  measured  at  several. stations 
throughout  the  engine  and  afterburner as indicated  in  f3gure 1. Air 
flow was determined from measurements of pressure  and  temperature  at 
etation 1. Afterburner-inlet  conditions were detemlned  from a cam- 
prehensive  survey  of  pressure  and  t-enrperature at  the  turbine  outlet, 
station 5. The  combustion  temperature  and  thrust  were  determined  from 
a survey of pressure  at  station 8 using a water-cooled  rake  located i n  
a water-cooled  section of constant  diameter.  For a part of the  investi- 
gation  the  water-cooled  rake was used  to  obtain-samples of exhaust  gas 
which  were  analyzed  with  an NACA mixture  analyzer  (ref. 2) to  determine 
the  fuel-air  ratio  distribution in the  afterburner.  Exhaust  pressure 
was  measured on the  outside of the  nozzle-and  in  the  plane of the  exhaust-- 
nozzle  exit. Fuel flow was measured  by  means of a direct-reading  cali- 
brated  rotameter. 

Afterburner-shell  temperatures  were  obtained  with 6 thermocouples 
installed  at  each of two  statione 6 inches  apart  located  near  %he  rear 
of the  air-cooled  portion of the  afterburner shell. Cooling-air flow 
was measured using an orifice  located in the  supply line. Cooling-air 
temperatures  were  obtained from thermocoufles  located in plenum chambers 
at-the  inlet  and  outlet of the  cooling passage. 

Operational  limits and performance  st  each f l i g h t  condition  were - 
obtained  by  varying  the  afterburner fuel f l o w  and jet-nozzle area mile 
maintaining  rated  engine  speed  and  the  rated  afterburner-inlet  (turbine- 
outlet)  temperature of 1625O R. Operational limits were  obtained  over 
a range of altitudes  at a flight  Mach number of' 0.8. The  lean  fuel-air 
ratio limit was established by incipient  blow-out  observed  through  the 
periscope. The rich limit of operation waa reachea where the  af'terburner- 
inlet-temperature was at the  limiting  or  rated  value  with a wide  open 
Jet  nozzle.  Afterburner  performance was obtained at altitudes  from 
10,OOO to 55,000 feet  and  at-flight  Mach  numbers of 0.6 to 1.0, thus 
covering a range of afterburner-inlet  pressures of 510 to 3090 pounds 
per  square foot. &let conditions  to  the  engine  at  each  flight condition 
corresponded  to mACA standard  atmosphere  with 100 percent  ram  pressure 
recovery.  Adequate cooling air and water  were supplied to the after- 
burner  shell frm 821 egternal  source to malntain the afterburner-she= 
t-rature  below 1550 F. 

V 

The symbols an& method of calculating  various  parameters  used in 
this  report  are  shown in the  appendix. The fuel  used in the engine was 
clear  unleaded  gasoline (62 octane)>  that used in the sfterburner was . 
MIL-F-562BA grade JP-4. 
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Operating  Limits 

The  operating  range  of  the  afterburner  at a flight Mach number of 
0.8 is  shown in figure 5. The maximum altitude  obtainable was limfted 
by  the  capacity  of  the  test  facilities;  however,  operation  at an alti- 
tude  of 55,000 feet  was  possible  at  only  one  fuel-air  ratio,  indicating 
this  to  be  the maximuru altitude limit. The trend of a decreasing fuel- 
air  ratio  range  with  increasing  altitude  substantiates  the  conclusion 
that  the maximum operating  altitude is in  this  region.  The  trend  of 
decreasing-rich  fuel-air  ratio  with  altitude  is  typical  of most engines 
and is due  to  the maxfmum afterburner gas temperature  obtainable  with a 
constant-area  (wide-open)  jet  nozzle  that  arises  from  the  Reynolds num- 
ber  effect on component  efficiencies.  Operation  at  stoichiometric 
afterburner  fuel-air  ratio was possible  up to an altitude of 45,000 feet. 
It is  expected  that  operation  would  have been possible  at  this  fuel-air 
ratio  at  altitudes  up  to 55,000 feet or above  had  it  been  possible to 
further  increase  nozzle-exit  area. 

Performance  Characteristics 

The  performance data for  several  flight  conditions  are  presented 
in  tabular  form  (table I) and  are  shown  graphically  in  figures 6 
through 9. The  variations  in  combustion  temperature and efficiency  with 
afterburner  fuel-air  ratio  are  presented in figure 6. Performance  data 
at  an  altitude of 45,000 feet  and a flight  Mach  number of 0.8 were 
obtained  at  afterburner  fuel-air  ratios  greater than the operational 
range  (fig. 5) . These  data  were  obtained to mre defidtely establish 
the  combustion  temperature  at  stoichiometric  fuel-air  ratio  by allowing 
the  afterburner-inlet  temperature  to  exceed 1625O R. Both  the  colribustion 
temperature  and  efficiency  were In good  agreement  with  the data of refer- 
ence 1, wfiich  are  shown by the  dashed  line  in  figure 6. 

A peak  combustion  temprature of 39W0 R and a corresponding  effi- 
ciency  of 0.96 were  obtained  at  flight  conditions  corresponding  to 
afterburner-inlet  pressures  from 2540 to 2800 pounds per  square  foot. 
Peak  temperatures  occurred  at  about  stoichiometric  fuel-air  ratio (0.0675) 
for all conditions  except  the  highest  pressurelevels,  where  the peak 
temperature  occurred  at a richer  mixture.  Combustion  efficiency 
(fig.  6(b))  reached a maximum value  at a fuel-air  ratio of about 0.055 - 

and  remained  relatively  constant  with  increasing  fuel-air  ratio.  The 
efficiency  decreased  with  increasing  altitude  (decreasing  afterburner- 
inlet  pressure}  with a resultant  reduction i n  combustion  temperature. 
This  typical  trend of efficiency  xith  pressure  is shown in  figure 7 for 
a fuel-air  ratio of 0.052. As shown in this  figure, a reduction in 
burner-inlet  preesure f r o m  3090 to 510 pounds  per  square foot lowered 
the  efficiency  from 0695 to 0.gl with a resultant  reduction in conbustion 
temperature from 3560 to 2880 R. 
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T h i s  afterburner  configuration  produced  smooth  combustion under all 
flight  conditions  tested;  however,  the  similar  configuratton of reference 1 
was subject  to a buzzing  condition  very  near  the  lean  blow-out  f'uel-air 
ratio  at  an  afterburner-inlet  pressure of about 2450 pounds per  square 
foot.  Lean  blaw-out was not  obtained  at  this  afterburner-inlet  pressure 
with  the  configuration of this  investigation,  but  operation  at a low f u e l -  
sir  ratio was obtained.  without  encountering a buzzing  condition. Coxa- 
bustion was a lso stable at a fuel-air  ratio  as low as 0.027 at an 
afterburner-inlet  pressure  of 3090 pounds per  square foot.  

The  pressure  losses i n  a.n afterburner  must also be  considereain a 
complete  evaluation of afterburner  performance. The variation of after- 
burner  pressure loss ratio  with  afterburner  fuel-air  ratio is presented 
in figure 8. The  friction  total-pressure loss for the  cold  burner was 
6 percent of the  afterburner-inlet  pressure.  The  pressure loss ratio 
increased with increasing fuel-air ratio  because of the momentum pressure 
loss. The  pressure loss with afterburning  at  the  stoichiometric  fuel-air 
ratio was about  double the friction loss for the  cold  burner.  There was 
no apparent  trend af pressure loss ratio  with  flight-condition  or 
afterburner-inlet  pressure. 

The  effectiveness of the  afterburner In terms of thrust  is shown 
in  figure 9(a) for  the  au-ented  jet  thrust  ratio and in  figure 9(b) f o r  
the  augmented  net t h rus t  ratio.  The  afterburner  produced  an  augmented 
jet  thrust  ratio a~ high  as 1.625 at an afterburner  fuel-air  ratlo of 
0.076 at  the  higher  afterburner-inlet  pressure  levels  which  correspond 
to an augmented  net  thrust  ratio of 2.03 at an altitude of 25,000 feet- 
and a flight  Mach  number of 0.92. At  lower  pressure  levels,  the addi- 
tional gain in augmented  Jet  thrust  obtained 88 the  fuel-air  ratio was 
increased  above  about 0.06 was sinall. The maximum augmented  jet  thrust 
ratio  decreased  with  decreasing  afterburner-inlet  pressure  as a result 
of the  corresponding  reductions i n  exhaust-gas temperature.  Augmented 
jet  thrust  ratios  greater  than  those  measured naay have  been obtainable 
at--altitudes of 50,000 and 55,000 feet  by  using a larger  exhaust nozzle.  

Effect of Fuel  Distribution 

At an altitude o f  45,000 feet and a flight  Mach  number of 0.8, the 
fuel manifold pressure  had  decreased  to  approximately 25 pounds per 
square  inch  absolute  at  the  stoichiometric  fuel-air  ratio. An attempt- 
was made  to  improve  the  fuel  penetration  at  this.flight  condition 
through  increasing  the  fuel manifold pressure to 75 pounds per  square 
inch  absolute  by  using  only  the 12 long spray  bars. A comparison of 
performance  with  the  two fuel system  configurations  is  presen%ed  in 
figure 10. Using only the 12 long spray bars resulted i n  a shift- of the 
fuel-air  ratio  required f o r  peak efficiency  from 0.060 to  about O.lO0, 
with a resultant--sbift in fuel-air  ratio for msxlmum combustion  tempera- 
ture  from 0.068 to 0.078. The  trends of increasing  combustion  efficiency 
of the 12 long spray  bar  configuration  and  the  sustained  effLciency of 
the 24 fuel  spray bar configurtition  with  increasing  fuel-air  ratio  above - 

.. 
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I the  stoichiometric  mixture  are  unique  with  the  method of calculating the 
efficiency. The efficiency,  as  defined  in  the  appendix,  is  based on the 

because of chemical  energy  remaining  in  the  products of an  ideal  com- 
bustion.  The mast important  effect of reducing  the  number gf spray bare 
was the  reduction  in maxFmum temperature  from 3420' to 3000 R. Penetra- 
tion was insigniffcant  in  either  case  and  the  decrease  in  performance  at 
a given  fuel-air  ratio was a result of circumferentlal  and  radiai maldis- 

c ideal  temperature  rise  wbich  decreases  above  the  stoichiometric  mixture 

N tribution.  These  results  indicate  the  importance of providing a good  fuel 
2: obtained  only  by  using a large number of injection  points  rather  than 
W distribution  in  the  afterburner  and  that  such a distribution  can  be 

relylng on penetration of the  fuel jets into  the  air  stream. 

Fuel-Air  Ratio  Distribution 

The  fuel  distribution  was  optimized  in  reference 1 by  use of a tem- 
perature  ladder  comprising a 1/2-inch  water-cooled  Inconel  tube  spanning 
the  diameter of the  afterburner  with  pieces of 1/8-inch  diameter  welding 
rod of uniform  length  butt-welded to the  tube.  Local  teqperature  pro- 
files  were  observed  by  visual  comparison of the  color  variations  of  the 
rode  during  afterburner  operation.  Since  the  criterion of a good  fuel 
distribution  system  for  the  attainment of the maximum mean  bulk  gas 
temperature  is a uniform fuel-air  ratio  distribution, in this  investi- 
gation  the  fuel-air  ratio  distribution  was  checked  during  afterburner 

Data  from  the  fuel-air  ratio andyzer using  saqples  of  the  exhaust gas 
obtained  from a survey  at  station 8, the  exhaust-nozzle  inlet,  are  pre- 

flight  Mach  nuniber of 1.0. The  fndicated f u e l - a i r  ratio  distribution, 
which w&s fairly  uniform,  is an indication of the  afterburner  tempera- 
ture  profile  that  would  be  expected  with  this  fuel  system.  Only a smal l  
additional  increase  in  mean  bulk  temperature muld be  obtained near 
stoichiometric  wtth a perfectly  uniform  fuel-afr r a t i o  profile 
(see  fig. 6(a)). 

- operation  by  direct  measurement  by  use  of a fuel-air  ratio  saalyzer. 

- sented  in  figure 11 for  operation  at an altitude  of 35,000 feet  and a 

Cooling-Air  Requirements 

I n  this  investigation,  the  primary  objective was to ascertain  the 
performance over a wide  range of flight  Conditions;  the  cooling  air was 
therefore  supplied  from an outside source. The cooling-air  flow  supplied 
WBS adequate  to  permit  operating  with an allowable  afterburner-shell 
temperature of 1550' F. During  operation  at  an  altitude of 35,000 feet 
and a flight mch number o f  1.0, the  cooling-air  requirements  with paral- 
lel flow convective  cooling  were  determined, and the data. are  presented 
in  figure 12 as a function  of  conibustion  temperature f o r  several  ave'age 

- afterburner-shell  temeratures.  During  this  phase of the  investigation 
the  inlet  cooling-air  temgerature was 83' F and the observed  cooling-air 
temperature  rise  increased  from looo to 30O0 F as the  cambustion temper- 
ature was increased at a given average afterburner-shell temperature. 
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These  data  indicate  that  at  the  high  combustion  temperatures a large 
amount of cooling air waa requirea for the  convective  system used herein. 
As much cooling alr as 34 percent of the  exhaust-gas flow.was required 
to  maintain an average  afterburner-shell  temperature of 1300° F at a 
combustion  temperature of 3600' R .  Minimizing  the  cooling-air f l o w  
requirements  by  increasing  the  average  afterburner-shell  temgerature to 
the maximum &.e operating  temperature of the  material  is  not  represen-b- 
tive of safe  operation,  since  hot  spots up to 250' F higher  than  the 
average  were  frequently  encountered. 

CONCLUDING REMARKS 

8 
0) 
N 

An investigation w8s conducted  to  ascertain  the  operational  limits 
of a high-temperature  afterburner  and  to  determine  ita  performance over 
a wide  range of flight  conditions.  Operational 1 M t s  were  obtained-at=- 
a flight-Mach  number of 0.8 and  perfarmance  data  were  obtained  at-alti- 
tudes *om 10,000 to 55,000 feet  and  flight  Mach  numbers  from 0.6 tu 1.0. 

The  afterburner,  designed  to provide huh combustion  temperature, 
had a peak combustion temperature of3900° R, representing a combustion 
efficiency of 0.96 and an augmented  Jet  thrust  ratio of 1.625 at an 
afterburner-inlet pressure of 2540 pounds per square  foot. A t  these 
conditions, which  compared  with an altitude of 25,000 feet and a flight 
Mach  number of 0.92, the  augmented  net  thrust  ratio  was 2.03. A maxinaun - 
operational  altiCuude  of  55,000'fee-h at a flight  Mach  number of 0.8 was 
obtained  with an afterburner fuel-a&r ratio of 0.052. At  this  condition 
the  combustion  temprature was 2880 R, representing a combustion  effi- 
ciency of 0.61. Max- combustion  efficiency  was  obtained  at  fuel-air 
ratios of about 0.055 and remaiped  relatively  constant  with  increasing 
fuel-air  ratio. Peak combustion  temperatures  were  obtained  at  the 
stoichiometric  fuel-air  ratio o r  at  slightly  richer  mixtures. 

L 

The attainment of a high bulk.  gas  temgerature was dependent upon 
the  attainment of a uniform fuel  distribution.  At an altitude o f  
45,000 feet and a flight Mach number of 0.8, the use of 24-Fnetead of 
12 s ray bars resulted in an increase  in  temperature from 3oOo0 to 
3420 R and a decrease in fuel-.air  ratio for maximum  temperature  from 
0.078 to 0.068. 

B 

A severe  cooling-air  requirement was imposed on the  convective 
shell  cooling system used  during  this  investigation. As much  cooling 
air as 34 percent of the  exhaust-gas flow was required to maintain an 
average  afterburner-shell  temperature of 130O0 F at a conibustion tem- 
perature of about 3600° R, which  stresses  the  neea f o r  a more  effective 
method of utilizing  the  cooling  air. 

Lewis Fl igh t  Proplsion Laboratory 

Cleveland, Ohio 

- 
National Advisory Committee  for  Aeronautics 
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APPECPDM - C A L r n I O N S  

Symbols 

The  following symbols are  used in this  report: 

A cross-sectional area, sq ft 

KI c, coefficient of thermal expansion 
El Cv,e  effective  velocity  coefficient 

FJ 

FN net  thrust, lb 

f /a fuel-air  ratio 

g acceleration  due  to  gravity, 32.17 ft/sec2 

H” sum of sensible  enthalpy  and  chemical  energy, 

jet  thrust,  lb 

M flight  Mach  number 

- m mass flow,  slugs/sec 

P total  pressure,  lb/sq ft 

P static  pressure, lb/sq f t  
- 

R gas corm tant, 
1546 ft-lb 

(molecular weight,) (lb) (41) 

T total  temperature, OR 

V VdocTtyJ f t/6ec 

Wa sir  flow,  lb/6ec 

W f  fuel  flow,  lb/hr 

wg 

r ratio  of  specific  heats 

7 combustion  efficiency 

gas flow,  lb/sec 

B tu/lb 

. 
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x0 a term accounting for  difference b9tween €I? of carbon dioxide 
and that of water vapor i n  burned mixture and 1 €I? of oxygen 
removed from air by their formation - 

Subscripts : 

a air 

b dterburner 

e engine 

ef effectlve 

m f u e l  manifold  conditions 

n exhaust-nozzle throat 
. .  

Numbered subscripts as indicated on f ig .  1 

Methods of- Calculation 

Gas flow. - Engine-inlet-air f low was. calculated from measurement8 - 
a t   s t a t i o n  1 using the following equation: 

Values of the  static-pressure parameter A were obtained from 
m m  

reference 3 assuming raJl to   be 1.4. The gas flows at the entrance 
and e x i b o f  the afterburner were then determined by adWng the appropriate 
fuel flow to  the  engine-inlet air f l o w .  

Af te rburnere l -a i r   ra t to .  - The afterburner fuel-air   ra t io  is 
defined as the  ratio of the afterburner  fuel flow p l u s t h e  unburned f u e l  
from the engine combustor corzected for  the  dlfference in  heating  value - 
of the two fuels to the unburned air entering the- afterburner: 

In 
N 
0) cu 

3600 Wa,l Wf, e 
0.0665 



N K A  RM E53D22 - 11 

I 

where 1.013 is the ra t io  of the lower heat of c d u s t i o n  of the engine 
f u e l  t o  that  of the  afterburner  fuel and  qe i s  the  ra t io  of the  ideal 
t o  actual engine f u e l  f low required t o  heat  the  air flow from engine- 
in le t  t o  afterburner-inlet  temperature. The stoichiometric fuel-air 
r a t i o  of the engine f u e l  is  0.0665. 

N 
(0 
N 
UI 

Afterburner conibustion temperature. - The conibustion temperature 
was calculated  fromthe gas flow and a pressure s m e y  at station 8 
using the continuity  equation  as follows: 

Values of the static-pressure parameter were obtained i n  the sane 
manner as  for  the  engine-inlet air flow using appropriate  values for 

w e r e  determined from the prod- 
ucts of ideal conibustion with no dissociation using the weighted  averag- 
ing  process and based on values  obtained From reference 4. A water-gas 
reaction  constant of 3.8 waa assumed for  mixtures greater  than  stoichio- 
metric. The area was measured at room temperature and CT w a s  
assumed t o  be unity,  since the area at station 8 w a s  water-cooled. 

%,a - The gas constant, R g,8, and yg,8 

Afterburner combustion efficiency. - The combustion efficiency is  
defined  as  the r a t i o  of the increase  in energy of the exhaust  gases i n  
the  afterburner  to  the  ideal energy increase  based on the  afterburner 
fue l  flow and the unburned engine fuel flow entering the afterburner: 

The term 9 was determined in   t he  same manner as  the ga8 constant 
i n  the calculation of combustion temperature. The value of H 

was determined fromthe ideal energy  modified by an energy difference  to 
account for  the  increase  in chemical  energy in the  products of  conibustion 
due t o  the  effect of dissociation. The value of this energy difference 
w a s  based on data contained in reference 5. 

g,T- 
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-Thrust. - The j e t  thrust was determined from the gas flow, the com- 
bustion  temperature, and the  ratio of exhaust-nozzle total  pressure t o  
altitude  pressure P8/po by mema of the following relatione: - 

&ere 

Values of the  effective  velocity parameter V e f / m  were obtained 
from reference 3 and the r a t i o  of exhawt-nozzle t o t a l  pressure t o  alti- 
tude  pressure Pg/pO using appropriate  values of yg,8. 

The normal j e t  thrust (no afterburning) was calculated in a similar 
manner using the  conditions of the exhaust  gasee at  the  turbine  outlet 
(station 5) and a total-pressure Loss of 6 percent of P5 for  the 
nonoperative afterburner. The effective velocity coefficient C 
was assumed t o  be unity in both  cases. The  augmented j e t  thrust ra t io  
was then  obtained by dividing the je t  thrust by the normal je t  thrust. 

v, e 

The net  thrust was calculated fram the  Jet thrust and inlet momentum: 

FN = FJ - mVo ( 8 )  

where 

Values of ( V / m ) o  were based on the desired ram rat io  assuming r 
to be 1.4.. Values of the  atatic-pressure parameter were the same as 
those used t o  determine the engine air flow. The  augmented net t"t 
rat io  was then  obtained by dividing  the  net thrust by the normal net 
thrust. 
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TABLE r. - HIGH-TEMPERATURE AFTERBURNER PERFORMANCE 

70-27 lO.Oo(1 0.6 
28 
29 

e 
6 
5 
4 

35 
s5 
14 
37 
56 

2 
3 
4 

91-9  16,000 0 . 6  

10-52 25.000 0.6 

85-1 25,000 0.92 

58-8 35,aw 1.0 
s 7  
58-7 

8 

"1 
69-9 
50-2 
62-12 

61-18 

58-3 
81-11 
62-1 
70-8 

2 
58-4 

9 
70-5 

7 
58-10 
70-4 

6 
63-3 
64-17 

62-55 4O.W 0.8 
70-5 

58-16 
17 

19 
18 

20 
21 

11 

82-22 

m -9 

m-1 

84-4 

58-11 45,oco' 0.8 
88-8 
58-19 
07-39 
56-13 
89-7 
6B-14 
89-5 
67-40 
ES-15 
89-6 
BO-8 
70-22 
69-5 

62-28 
-7 

84-9 
8 

69-6 
62-SI M,OOO 0.8 

04-6 
50 

62-29 
52-32 65.ooo 0.8 

O.CQ71 
. w 4  

0.aSsl 
.0417 

. O m  

. O S 6  

. a m  

.a704 

0.04Bl 
.0781 

.0800 

.0688 

.07= 

.08% 

.0939 
0.0585 
;0499 
.06SO 

o.os.34 
.0750 

.W? 

.0429 

.0478 

.om1 

.a511 

.os1  

.0566 

.OS96 

.0609 
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.OB14 

.0621 

.Om3 

.0678 

.06ffi 

.0710 

,0768 
.07% 

.0765 

.0815 

.0815 .OB50 

.om8 
0.0% 

. o m  

.a505 

.0458 

.os73 

.06S4 

.OB79 

.0710 

O.OS94 
.07Sl  

.0416 

.04&4 

.0460 

.a523 .OB04 

.OS68 
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. O W  

.oms .oB5* 

.06sB 

.067l 

.08Wl 
-0683 
. 0 7 S  
.0738 
.0787 

0.0442 
.os21 
.OS52 
.os82 

- 0 .os= 

- 

.oem 

. o m  

.oee4 
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516 
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5 0 .  
SO5 

m2 1 
501 ' 
m -  
500- 

468 
464 . 

462 : 
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463 - 

504 

€04 
505 - 
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4 72 
41 8 
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472 . 
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e77 - 
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4w. 
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473 
478. 
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4S6 
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436 
456 
456 
44s 
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439 
445 
U 9  
u 7  
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448 

b44 
u8 

ud 
450 

cu us 
-4 
U U  

SMI 
440 

443 
444 
440 
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453 
450 

- 

4m 

_I 

- 

- 

- 

- 

s- - 

856 
860 .ass 
so4 
507 
516 
806 
506 
610 
ow ooc 
MI3 

0 00 
004 

045 
348 
555 

348 
348 

947 
937 
949 
Q4P 
8 s9 
954 
940 
951 
943 
958 
842 
OS9 
948 
948 
956 
9% 
938 
9% 

942 
945 

935 
844 

855 
939 

940 
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596 
59 s 
193 
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591 
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&a 
465 
482 
466 
487 
463 
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462 
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471 
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4'75 
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S67 
S6S 
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_. 

- 

- 

- 

G r  
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E L  

E 
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- 
1.00 
1 . m  1.01 
D.98 

.a9 

.98 .¶ 

.99 

1.98 
.98 

.99 

.98 

.99 

.99 
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.89 
L .m 
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.8b 
.94 

.96 

.96 
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.96 

.87 
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.84 

.97 
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.97 
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.96 

.96 

.97 

.96 

.97 

.98 
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.97 

. 9s 

.96 

).92 
.a1 
.92 
.s2 
.91 
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.97 
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.90 
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.@E .91 
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- 
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- 
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16S3 
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1- 
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183( 
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1- 

l8S9 
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l a 7  
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1628 
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1624 
l e 6  
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1627 
1835 

1628 
1653 
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1807 

l a 8  
1- 

l 6 l 5  
1636 
1-4 
16S7 
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1- 
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l92l 

1634 
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1- 
L637 
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1 
2 
5 
4 

6 

8 

10 
11 
18 
1J 
14 
16 
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11 
10 
19 
m 
22 
n 
23 
24 

28 
28 

as 2-1 

29 
50 
51 
52 
33 
54 
55 
36 
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59 
(4 
41 
42 
(3 
44 
45 
48 
41 

49 
4 8  

50 
61 

55 
52 

54 
63 
58 
67 
58 
59 
60 
61 
62 
65 
64 
65 
68 
67 
68 
69 

7P 
71 

73 

76 
75 

77 
78 

- 

- 

- 

- 

- 

- 

m 

!L 

- 
E 
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AT SEXERAL ALTITUDES AND FLIGHT MACH NUMBERS 
pta Utsrhunmi- 
Nn Inlet  

2 
91-9 

8 
7 
6 
5 
4 

70-32 
35 
55 
34 

36 
37 

83-1 
2 
3 
4 

58-6 

58-7 
63-7 

8 
62-2z 
58-1 
69-9 
58-2 
62-12 
70-9 
61-18 

60-3 
61-11 
64-1 
7 0 4  

2 
58-4 

9 
70 -3 

7 
53-10 
70 -4 

6 
83-3 
84-17 
70 -5 

58-16 
62-35 

17 
18 
19 
23 
2l 

04-4 
11 

56-11 

58-12 
89-8 

87-59 
58-13 

58-14 
89-7 

89-5 
07-40 
58-15 
69-6 

70-22 
69-6 
83-7 

84-9 
82-28 

8 
8 9 4  
62-31 

84-8 
30 

62-29 
62-32 

- 

- 

- 

- 

m-1 

- 

- 

89-6 

- 
- 
- 

sys t u 

3074 
3108 
3077 

2793 
2aoE 
2790 
2775 
2824 

r 

- - - 
"- "_ 
"" 

2532 
2538 
2631 

1807 
2577 

1768 
1808 
1828 
1780 
1836 
1735 
1827 
1783 
1746 
1773 
1754 
L820 
1777 
la04 
174.3 
1 7 U  
1786 
1817 
1746 
1747 
1826 
1749 

1792 
1749 

1751 
uas 
llls 
1166 
1170 
11- 
1160 
l l 7 5  
1116 
1141 

8S8  
881 
890 

888 
947 

895 
878 

874 
864 
803 
886 

1779 

3 
876 
881 
877 

876 
864 
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e43 
6BB 
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e n  

2445 
sl2l 
3474 
27% 
sa3 
SSoa 
3744 
5810 
3885 
3288 
5585 

5623 
5678 

3403 
3Sm 

2837 
3485 

3940 
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29% 
506l 
5143 
3259 

3434 
3232 

3461 
J58C 

3583 
3481 

3642 

3638 
5837 
3678 
s 1 9  

36ss 
3649 

3548 
3531 
3651 
Sgl6 
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5538 
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5565 
2703 
2880 
5068 

5 u 4  
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J555 

3547 
3352 

2755 

2869 
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31 49 
5533 
3252 
3447 
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ss9l 
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3401 
5391 
3 U - L  

5547 
3368 

U K B  
2845 
5049 
3072 
5145 

5514 

2868 

0.673 
A61 

0.774 
.951 

-896 

-936 
.a88 

-926 
.SKI  

0.851 
. a 7  

-859 

.e90 
0.792 

.917 

.972 
0 .e19 .805 

.ass 

.796 

.8sE 

. g o o  .e36 

.876 
A98 

.@E9 

.862 

A72 
-888 
.e52 .eal 
.a61 
.830 
.E46 
-868 
-828 
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.BsD .a62 

-881 .Bso 
0 -758 

.748 

.802 

.e39 .&I5 

.e47 

.El5 

2.36 
.760 

0 -686 

.ea1 
.eo2 

.748 

.761 

.7sg 
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.88a 

.a83 

.am 

.as1 

.ass 

.ass 
-772 
-717 
.796 
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.741 
-767 

.7e4 

.7m 

.765 

0,676 
.792 

4395 
.a77 

0.611 
,896 

.7m 

0.082 
-105 

0.076 
-116 

-085 
.093 
. lW 
. lo7 
-119 

"- - 
" 

" "_" 
0 . lo4  
.ll6 
.122 
-122 

0 -090 
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.091 
-084 
. lo7 
. lo1 
.ll2 
.lo5 
-112 
-120 
. l l 6  

-108 
.1xJ 

-118 
-116 
.125 
.123 
.ll4 
-116 
-152 
.12E 
. l l 7  
.156 .ls2 
.135 
-126 

0.098 
-134 

.OB7 
-107 
.lo8 
.Xi6 
.118 .l2l 
.142 
-158 

0.107 
.ll2 
-105 .us 
. l l 9  
.124 
.126 
.132 
.w 
-122 
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.139 

.13¶ 

.142 

-140 
-141 
.142 .l22 

0 .ll9 

.155 

.l29 

0.14l  
.145 

- 
5518 
4oHJ 

3610 
41S6 
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-5 
4s12 
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279B 
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2aLo 
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5031 
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SOB3 
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31U 
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sa6 
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3520 
3200 
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5230 
-7 
3188 
3219 
5526 
5107 
S 2 l O  
3240 
3264 
s l87  
1730 
1788 
1846 

lele la91 

1946 
1980 

1917 
1644 

1339 

1397 
1372 

1424 
1- 

l e 9  
1432 

1- 
1460 

1488 
1448 
1488 
1443 
1456 
lHJ4 
1453 
1437 

1411 
1445 

1057 
1085 
1033 
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- 

- 

- 

- 

- 

- 
loBI - 

- 
1.241 
1.584 

1.325 
1.480 

1.440 

1.561 
1 Sl2 

1.m 
1.815 

- 

- ""_ - 
- 
1.388 
1.498 
1.588 
1.628 
1.390 
1.411 
1 . a 7  
1.456 
1.B 
1.494 

1.532 
1.515 
1.535 
1.546 

1.549 
1.m 

1.554 
1.686 
1 . s a  
1.566 
1 .w 
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1.555 
1.569 
1.547 
1.668 
1 5 6 2  
1.530 
1.557 
1 . w  
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1.552 
1.409 
1.&4 
1.498 
1.525 
1.5l.3 
1.472 
1.519 
1.534 
1.376 
1.407 
1.381 
1.425 
1.454 
1.450 
1 .M 
1.444 
1.442 
1.478 
1.474 
1.454 

I .M7 
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1.586 
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- 
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- 

- 
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2S41 
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2S39 
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Q366 
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2583 
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2555 

1510 
1W 
14W 
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1512 

1- 
1542 

1486 
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1037 
985 
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1114 
1075 
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Lw5 
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Lo71 
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1120 
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788 
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-" 

- 

- 

- 
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1.914 
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e 
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Figure 3. - DetEbKls of afterburner fuel-distribution system. 
Diameter of all holes, 0.020 Inch. ( A l l  dimemiom a r e  in 
hohee . ) 
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(a) View of f l ams  holder. 

CD- 209 5 

Flame-holder dimensions. (All dimensions are in ?nchee. 1 

Figure 4. - Details of afterburner f h e  holder. Area blockage, 35 percent. 
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Afterburner fuel-air r a t i o  

NACA RM E53D22 

Figure 5. - Operating range of af terburner  a t  
f l i g h t  Mach number. o f 0 . 8 .  Afterburner i n l e t  
temperature, 1625O R. 
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(a) combustion tempratwe. 

Figure 6. - Variation of combuetion temgerature and efflciency vi th  afterburner fuel-air ratio at S e v e r a l  
flight conditions. Afterburner-inlet t e m g e r a t u r e ,  1 8 2 ~ ~  R. 
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Figure 7. - Varlatian of cmbustiau efficiency with afterburner-inlet pressure. 
Afterburner fuel-air  ratio, 0.052; afterburner-inlet  temperature, 1625' R. 
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Figure 8. - Variation of afterburner total-peesure loss ratio vlth s9terburner fuel-air ratio a t  eeveral  flight 
roadltlans. 
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(a) Jet  thrust. 

Figure 9. - Variation of augmented  thrust  ratio  with 
afterburner  fuel-air  ratio  at  several  flight  conditions. 
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(b) Net-thrust. 

Figure 9. - Concluded. Variation of augmented thrust ratio 
with afterburner fuel-air"ratio  at several flight conditions. 
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(a) Conibustlon temperature. 

.. 

(b) Combustion  efficiency. 

Figure 10. - Variation of combustion tempsatme and efficiency vith afterburner fuel-afr 
ratio for two fuel ay8tern configurations.  Altitude, 45,ooO feet;  flight Mach number, 0.8. 
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Fraction of afterburner diameter 

Figure U. - Indicated  fuel-air .ratio  distribution  acrose  afterburner.  
Altitude, 35,000 feet3  flight Mach number, 1.0; meaeured fuel-air  
r a t io ,  0.069. 
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Figure 12. - Parallel flow cooUng-air  requirements of high- 
temperature afterburner. Altitude, 35,000 feet; f l i g h t  
Mach number, 1.0) inlet-cooling-air temper.%ture, 83O FJ 
cooling-air  temperature rise, 1ocl-300° B. 

. 

c 

P 



. 


